A gene coding for a second -N-acetylglucosaminidase (nagB) was isolated from the chitinolytic bacterium Aeromonas hydrophila strain SUWA-9. The nagB open reading frame encoded a polypeptide of 618 amino acid residues with a molecular mass of 68.8 kDa. It did not contain a sequence characteristic of a signal peptide at the N-terminus. The deduced amino acid sequence showed high similarity to those of bacterial -Nacetylhexosaminidases classified into family 20 of glycosyl hydrolases. The nagB gene was successfully expressed in Escherichia coli, and the recombinant protein hydrolyzed N-acetylchitooligomers from dimer to hexamer and produced monomer as a final product. Reverse transcription-mediated PCR (RT-PCR) analysis revealed that nagB was transcribed when SUWA-9 cells were grown in the presence of colloidal chitin. In the upstream of the nagB gene, three genes, coding for putative N-acetylglucosamine kinase, -glucosidase, and ATP-binding protein of ABC-type transporter, were identified, and these genes likely to constitute an operon.
A gene coding for a second -N-acetylglucosaminidase (nagB) was isolated from the chitinolytic bacterium Aeromonas hydrophila strain SUWA-9. The nagB open reading frame encoded a polypeptide of 618 amino acid residues with a molecular mass of 68.8 kDa. It did not contain a sequence characteristic of a signal peptide at the N-terminus. The deduced amino acid sequence showed high similarity to those of bacterial -Nacetylhexosaminidases classified into family 20 of glycosyl hydrolases. The nagB gene was successfully expressed in Escherichia coli, and the recombinant protein hydrolyzed N-acetylchitooligomers from dimer to hexamer and produced monomer as a final product. Reverse transcription-mediated PCR (RT-PCR) analysis revealed that nagB was transcribed when SUWA-9 cells were grown in the presence of colloidal chitin. In the upstream of the nagB gene, three genes, coding for putative N-acetylglucosamine kinase, -glucosidase, and ATP-binding protein of ABC-type transporter, were identified, and these genes likely to constitute an operon.
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Chitin, a linear polymer of -1, 4-linked N-acetyl-Dglucosamine (GlcNAc), is the second most abundant biopolymer in nature. It occurs in the exoskeletons of insects, molluscus, and crustaceans and in the cell walls of many fungi. A certain type of bacteria produce chitinolytic enzymes utilizing exogenous chitin as a nutrient. In the marine ecosystem, more than 10 11 metric tons of chitin is synthesized annually, and chitinolytic bacteria living in the sea play an important role in keeping the balance of carbon and nitrogen elements in the aquatic biosphere. 1, 2) Chitinolytic enzymes mainly show two types: endo-type chitinase (EC 3.2.1.14) and exo-type -N-acetylglucosaminidase (NAG) (EC 3.2.1.52). First, chitinase hydrolyzes a chitin polymer into small oligosaccharides mainly composed of a diacetylchitobiose, (GlcNAc) 2 . Successively, NAG hydrolyzes the resulting oligosaccharides into a monosaccharide, GlcNAc.
We have been studying the chitin-degrading system of Aeromonas hydrophila strain SUWA-9, a chitinolytic bacterium isolated from Lake Suwa, a freshwater lake located in Nagano Prefecture, Japan.
3,4) Chitinolytic bacteria isolated from soil and seawater have been well studied, but relatively little is known about those isolated from freshwater. 2, [5] [6] [7] [8] It is of interest to compare chitin-degrading systems among chitinolytic bacteria of different origins. Previous studies have shown that strain SUWA-9 produces several kinds of endo-and exo-type chitinolytic enzymes that are inducible by exogenously added chitin in the medium. Enzymatic characterization and gene analysis have been achieved for one exo-type NAG (NAG-A) and one endo-type chitinase (ChiA). 3, 4) In this paper, we report the gene cloning, expression, and characterization of a second NAG, named NAG-B, and discuss its physiological role in chitin utilization in this freshwater bacterium.
Materials and Methods
Strains and culture conditions. A. hydrophila strain SUWA-9 was cultured in M9 synthetic medium containing colloidal chitin as sole carbon source, as described previously.
3) Escherichia coli JM109 was used as the host in a gene cloning experiment, and E. coli BL21(DE3) was used in the expression of recombinant NAG-B.
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3) The nucleotide sequence of nagB was determined by the dideoxy termination method using a DNA sequencer (Genetic Analyzer 3100, Applied Biosystems, Foster City, CA), and it has been deposited in the DDBJ database under accession no. AB355991. To amplify the DNA fragment corresponding to the whole nagB ORF, forward primer 5 0 -GGATCCATGTCCGCACCCCTG-3 0 (BamH I cleavage site underlined) and reverse primer 5 0 -AAGCTTCTACCTCTGTGGCACCC-3 0 (Hind III cleavage site underlined) were designed based on the sequences around the initial and stop codons respectively. The PCR-amplified product was double-digested with BamH I and Hind III and ligated with expression vector pQE-30 (Qiagen, Tokyo), previously digested with the same two enzymes. The resulting recombinant plasmid was named pQE-nagB.
Expression and purification of recombinant NAG-B. Cells of E. coli BL21(DE3) harboring pQE-nagB were grown in 1,000 ml of LB medium at 37 C with vigorous shaking. When the absorbance at 600 nm of the culture reached 0.6, isopropyl--D-thiogalactopyranoside (IPTG) was added at a final concentration of 0.6 mM, and the culture was further shaken at 30 C for 24 h. All of the purification steps were done at 4 C. Cells were harvested by centrifugation, suspended in 10 ml of 20 mM sodium acetate buffer (pH 6.2) (buffer A), and disrupted with a sonicator (Astrason, Model 2020, Kyoto, Japan) at maximum strength for a total of 10 min at intervals of 30 s. After cell debris was removed by centrifugation, the supernatant was added with solid ammonium sulfate to make an 80% saturation. The resulting precipitate was dissolved in 50 ml of buffer A, and then dialyzed against buffer A. The dialyzate was loaded onto a DEAE-cellulofine (Chisso, Tokyo) column (2:2 Â 25 cm) previously equilibrated with buffer A. The column was first washed with buffer A and then eluted with buffer A containing a linear gradient of KCl (0 to 1.0 M). The active fractions were pooled and placed on a Sephadex G-100 (Pharmacia, Tokyo) column (2:2 Â 96 cm) equilibrated with buffer A. The active enzyme was eluted in a single peak with buffer A, and then used for characterization as the purified enzyme.
Enzyme assay. The synthetic substrate p-nitrophenyl (pNP)-GlcNAc was used in an assay of NAG. The reaction mixture (0.1 ml) consisted of 50 mM sodium acetate buffer (pH 5.6), 0.5 mM pNP-GlcNAc, and an appropriate amount of enzyme. After incubation at 37 C for 30 min, the reaction was terminated by the addition of 0.2 ml of 0.2 N NaOH. The amount of pNP released from the substrate was determined by reading the optical density (405 nm) of the reaction mixture using a microplate reader (Nalge Numc International, Immunomini NJ-2300, Tokyo). The enzyme activity (1U) was defined as the amount of enzyme that released 1 mmol of pNP per min under this condition.
RNA preparation and reverse transcription-mediated PCR (RT-PCR). Total RNAs were prepared from SUWA-9 cells grown in M9-colloidal chitin or M9-glucose medium 3) to the late logarithmic phase using a Trizol reagent (Invitrogen, Tokyo). The resulting total RNAs were treated with RNase-free DNase I (Takara Bio, Shiga, Japan) to remove contaminated DNA. The oligonucleotides used in PCR (listed in Table 1) were designed based on the sequence of nagA, 3) nagB, and a house-keeping gene coding for DNA gyrase subunit B (gyrB) obtained from the genome sequence of A. hydrophila ATCC7966
T .
9) The RT reaction was done with 2 mg of total RNAs primed with a reverse primer using Ready-To-Go You-Prime First-Strand Beads (GE Healthcare Bio-Sciences, Tokyo). An aliquot of synthesized first-stranded cDNA was successively used as a template for PCR. Amplification was performed in 30 cycles of 1 min of denaturation at 94 C, 45 s of annealing at 58 C, and 45 s of extension at 72 C, followed by 5 min of elongation at 72 C. The PCR reaction was also done without the RT step to ensure that no chromosomal DNAs remained in the total RNA preparations.
Analytical methods. Proteins were determined with a protein assay kit (Bio-Rad, Tokyo) using bovine serum albumin as a standard. SDS-PAGE was performed according to the method of Sambrook et al., 10) and proteins in the gel were stained with Coommassie brilliant blue. The N-terminal amino acid sequence of the purified NAG-B was determined by means of an automated protein sequencer (Shimadzu PPSQ-21, Kyoto). The products of enzymatic hydrolysis from GlcNAc oligosaccharides were analyzed by a thin-layer chromatography, as previously reported.
11)

Results
Gene cloning of nagB We had already isolated the nagA (coding for -Nacetylglucosaminidase A) and chiA (coding for chiti- 
a Primers were designed based on the genome sequence of A. hydrophila ATCC7966 T . 9) nase) genes from the genomic library of strain SUWA-9 by expression screening using a selection plate containing a mixture of 4-methylumbelliferyl-GlcNAc and 4-methylumbelliferyl-(GlcNAc) 3 .
3,4)
Two unidentified E. coli clones showing blue-white fluorescence under UV exposure were examined in this study. Restriction analysis of the two recombinant plasmids revealed a commonly shared 2.5 kbp-fragment required for fluorescence (Fig. 1) . Determination of the nucleotide sequence of the 2.5 kbp-fragment exhibited a single complete open reading frame (ORF) encoding a polypeptide of 618 amino acid residues with a molecular mass of 68,829 Da. The deduced amino acid sequence was used as a query sequence to search for similar sequences deposited in the database using the BLAST program. The sequence showed significant similarity to those of bacterial -N-acetylhexosaminidases, such as Aeromonas hydrophila (84% identity, accession number CP000462), Aeromonas salmonicida (81%, CP000644), Vibrio cholerae (43%, AE003852), Photobacterium profundum (41%, CR378664), and Agrobacterium tumefaciens (34%, AE008688). It also had similarity to that of NAG-A, previously isolated from strain SUWA-9, although the identity score (34%) was not very high. This indicates that the isolated gene may code for another NAG classifiable into family 20 of glycosyl hydrolases. We named the gene nagB and studied it further. Tews et al. have reported that Glu-540 is a catalytic residue working as a proton donor in Seratia marcescens family 20 NAG. 12) This residue is well conserved among all members of family 20 -Nacetylhexosaminidases, and thus a corresponding residue, Glu-417, would be a catalytic residue in the case of NAG-B. No potential signal peptide sequence was found in the nagB ORF when software SignalP (http://www.cbs.dtu.dk/services/SignalP/) was used, indicating that the nagB gene product may be located in cytoplasm. We further determined the nucleotide sequence in the upstream region of nagB, and other three ORFs were found that showed significant similarities to those of N-acetylglucosamine kinase, -glucosidase, and ATP-binding protein of ABC-type transporter in that order from the nearest to nagB (Fig. 1) .
Heterologous expression of nagB in E. coli The nagB gene corresponding to the whole coding region was inserted into an expression vector, pQE-30, and introduced into E. coli BL21(DE3). Crude extract prepared from cells of transformant BL21(DE3)/ pQE-nagB hydrolyzed pNP-GlcNAc, while BL21(DE3), possessing vector pQE30 alone, did not show any NAG activity. This clearly indicates that recombinant NAG-B (rNAG-B) was successfully expressed in an active form. Since rNAG-B was expected to contain a polyhistidine tag fused to the N-terminus, we tried to purify rNAG-B by a nickel-chelate affinity column chromatography toward the polyhistidine tag. Contrary to our expectation, the protein with NAG activity did not bind to resin of this affinity column. Hence, we used a combination of ion exchange and gel permeation chromatography 2 sidase GlcN kinase
GlcNAc-1-P mutase to purify rNAG-B, as described in ''Materials and Methods.'' Consequently, rNAG-B was purified to homogeneity as judged by SDS-PAGE analysis for proteins (Fig. 2) . The yield of the purified enzyme was 5.3% with a 3.9-fold purification starting from crude proteins in the cell extract. The N-terminal amino acid sequence of the purified rNAG-B was determined to be SAPLIHTR, which coincides with the sequence starting from Ser-2 in the nagB ORF. The molecular weight of the purified rNAG-B (69 kDa), estimated from SDS-PAGE analysis, agreed well with that of native NAG-B. These results indicate that the polyhistidine tag was removed from the precursor rNAG-B for an unknown reason.
Characterization of rNAG-B
The purified rNAG-B showed an optimum pH at 6.0 and an optimum temperature at 30 C when pNPGlcNAc was used as a substrate. The relative activities towards various synthetic substrates are summarized in Table 2 . The enzyme hydrolyzed pNP-GlcNAc to a great extent, and also hydrolyzed pNP--N-acetylgalactosaminide (pNP-GalNAc) with less efficiency (37% of relative activity as compared to pNP-GlcNAc). The Km and Vmax values for pNP-GlcNAc and pNP-GalNAc are summarized in Table 3 . Two synthetic substrates, pNP-(GlcNAc) 2 and pNP-(GlcNAc) 3 were also hydrolyzed with lesser efficiencies of 6.8% and 0.2% respectively as compared to pNP-GlcNAc. The enzyme hydrolyzed neither pNP--glucoside nor pNP--galactoside.
The hydrolysates of N-acetylchitooligomers by the purified enzyme were analyzed by thin-layer chromatography after a prolonged reaction. The substrates from dimer to pentamer were all hydrolyzed, and GlcNAc alone was produced as a final product (data not shown). Then the reaction products from N-acetylchitotetraose, (GlcNAc) 4 , were analyzed at appropriate intervals (Fig. 3) . During the reaction, (GlcNAc) 3 and GlcNAc appeared at the initial stage, and then (GlcNAc) 3 was successively converted into smaller oligomers with a concomitant release of GlcNAc. These results clearly indicate an exo-type cleavage manner for the purified rNAG-B. Reaction time (min) Fig. 3 . Analysis of Enzymatic Hydrolysates by TLC. Reaction products were analyzed from the reaction mixture at various times using N-acetylchitotetraose, (GlcNAc) 4 , as substrate. Merck HPTLC Silica Gel 60 (aluminum sheets) was used and developed with a mixture of 1-propanol:25% ammonia water:ethyl acetate:water (6:1:3:3, v/v). Lane St contained a mixture of N-acetylchitooligomers ranging from GlcNAc to N-acetylchitopentaose, (GlcNAc) 5 .
Analysis of nagB transcript in SUWA-9 cells
The amount of nagB transcript was examined by RT-PCR using total RNAs prepared from SUWA-9 cells grown in synthetic medium containing colloidal chitin or glucose as the sole carbon source. Both nagA and nagB were transcribed in the presence of colloidal chitin, but not glucose, while the house-keeping gyrB was expressed at almost the same level (Fig. 4) . This result clearly indicates that nagB as well as nagA was induced by hydrolysates, possibly (GlcNAc) 2 , liberated from the chitin by the action of extracellular endo-type chitinase.
Discussion
A. hydrophila strain SUWA-9 is a chitinolytic bacterium living in fresh water. It produces one NAG (NAG-A) in addition to endo-type chitinase (ChiA) when cultured in synthetic medium containing colloidal chitin as the sole carbon source. 3, 4) In this study, we examined the gene (nagB) coding for the second NAG and characterized the enzymatic behaviors of rNAG-B. The nagB gene was successfully expressed in E. coli and produced an active enzyme (Fig. 2) . When purified rNAG-B protein was analyzed by SDS-PAGE followed by activity staining with a substrate of 4-methylumbelliferyl-GlcNAc, it gave no fluorescent bands in spite of the application of sufficient amounts of active enzyme (data not shown). This implies that denatured NAG-B proteins did not restore its activity at all after removal of SDS, while NAG-A easily retained its activity under similar conditions. In activity staining using 4-methylumbelliferyl-GlcNAc, we detected a single fluorescent band (90 kDa) in crude soluble proteins prepared from SUWA-9 cells grown in colloidal-chitin medium.
3) This band probably corresponds to NAG-A, since NAG-B was not detected in this analysis.
The substrate specificity and cleavage pattern of rNAG-B were similar to those of NAG-A, reported previously, 3) but they were clearly different in three properties. First, the optimal temperature for the reaction was 30 C for rNAG-B, while NAG-A showed a higher optimal temperature of 50 C. Second, the Km value of rNAG-B toward pNP-GlcNAc was 16-fold higher than that of NAG-A, whereas the Vmax value of rNAG-B was smaller (25%) than that of NAG-A (Table 2) . This indicates that the catalytic function of rNAG-B is inefficient in comparison with NAG-A. Lastly, NAG-B is probably a cytoplasmic enzyme, as judged from the absence of a signal peptide, while NAG-A is presumed to be located in the periplasmic space of the cells. These discrepancies would explain a different role of the two NAGs in chitin catabolism, as discussed below.
Analysis of the nucleotide sequence revealed the occurrence of the three putative genes coding for GlcNAc kinase, -glucosidase, and ATP-binding protein of ABC-type transporter upstream of nagB (Fig. 1) . All of these genes probably constitute part of the operon, since a consensus sequence for potential promoter was found in none of the four genes. Recently, the whole genome sequence of A. hydrophila strain ATCC7966 T has been reported.
9) The survey of the sequences revealed an operon comprised of genes similar to those found in this study, in which three additional genes coding for components of the ABC transporter are located (Fig. 1 ). An operon composed of similar genes in the same order has also been found in the genome of marine bacteria, Vibrionaceae, which are taxonomically related with the genus Aeromonas (Fig. 1) . 13, 14) This Vibrionaceae operon is called a chitin catabolism operon, and the ABC-type transporter encoded in the operon was postulated to be specific for (GlcNAc) 2 . In the case of the Vibrionaceae operon, two additional genes, coding for diacetylchitobiose phosphorylase and phospho-GlcNAc mutase, were found at the downstream end of the operon. These two genes were absent within the corresponding operon of A. hydrophila SUWA-9 and ATCC7966
T , and could not be found adjacent to the operon.
Roseman and co-workers extensively investigated chitin catabolism systems in the marine bacterium, Vibrio furnissii and the human pathogenic bacterium, Vibrio cholerae.
14-18) They proposed two different pathways for the utilization of (GlcNAc) 2 , a main product released from a polysaccharide chitin by the action of extracellular chitinases. 15, 19) In the monosaccharide pathway, (GlcNAc) 2 is split into a monomer GlcNAc by a periplasmic NAG, and then GlcNAc is imported into the cytoplasm via a phosphotransferase system (PTS). In contrast to this, (GlcNAc) 2 is directly transported into the cytoplasm in the disaccharide pathway. A group of enzymes encoded by the operon described above is thought to play a role in the disaccharide pathway in the following way: (i) (GlcNAc) 2 is transported from the periplasm into the cytoplasm by an ABC-type transporter; (ii) (GlcNAc) 2 is then split into GlcNAc-1-phosphate and GlcNAc by diacetylchitobiose phosphorylase; (iii) the resulting GlcNAc-1-phosphate is converted into GlcNAc-6-phosphate by the action of phospho-GlcNAc mutase; (iv) GlcNAc-6-phosphate is then converted into fructose-6-phosphate by successive deacetylation and deamination, and then enters into the glycolytic pathway. In this model, GlcNAc released by a diacetylchitobiose phosphorylase must be further phosphorylated into GlcNAc-6-phosphate by the catalytic action of GlcNAc kinase. Although a gene coding for putative GlcNAc kinase is located in the operon of V. cholerae, recombinant protein expressed in E. coli phosphorylates glucosamine but not GlcNAc. 19) Moreover, a gene located upstream of the glucosamine kinase gene has been found to encode -glucosidase. 20) The physiological functions of these glucosamine kinase and -glucosidase in chitin catabolism systems of Vibrionaceae remain unknown.
The chitin catabolism system of A. hydrophila SU-WA-9 appears to be similar to that of Vibrionaceae, but we can postulate a modified disaccharide pathway based on the finding that two genes coding for diacetylchitobiose phosphorylase and phospho-GlcNAc mutase are absent in the operon. Our proposal for the modified pathway is as follows (Fig. 5 ): (i) (GlcNAc) 2 is transported from the periplasm into the cytoplasm by an ABC-type transporter encoded in the operon; (ii) the resulting (GlcNAc) 2 is directly split into GlcNAc by the cytoplasmic NAG-B described in this report; (iii) GlcNAc is then converted into GlcNAc-6-phosphate by GlcNAc kinase encoded by a gene contained in the same operon; (iv) the resulting GlcNAc-6-phosphate is converted into fructose-6-phosphate and then enters into the glycolytic pathway. To confirm this hypothesis, the catalytic functions of gene products encoded by putative GlcNAc kinase and -glucosidase are now being examined.
The expression of two nag genes (nagA and nagB) in the medium containing colloidal chitin as the sole carbon source leads us to the thought that the monosaccharide and disaccharide pathways might also function in A. hydrophila as in Vibrionaceae (Fig. 4) . We hypothesized the modified disaccharide pathway from the standpoint of a different cellular localization of the two NAGs and the existence of genes coding for putative ABC-type transporter for (GlcNAc) 2 and GlcNAc kinase within the same operon (Fig. 1) . It should be noted that V. furnissii Exo I (a counterpart of A. hydrophila NAG-B) has been reported to be a periplasmic enzyme in spite of the absence of any predicted signal sequence. 17) We could not determine the exact cellular localization of NAG-B in SUWA-9 cells due to a difficulty in preparing a cellular fraction, in assaying NAG-B activity apart from NAG-A activity and in detecting NAG-B by activity staining. The reactivity of rNAG-B judged by the Vmax/Km for the substrate pNP-GlcNAc was only 1.4% as compared to that of NAG-A. This low reactivity of NAG-B makes us suspect to what extent NAG-B (consequently the disaccharide pathway) contributes to the chitin catabolism of A. hydrophila. To determine the contribution of NAG-B to chitin catabolism and to examine the possibility of a modified disaccharide pathway, we are now trying to make gene-disrupted mutants for nagA, nagB, and other related genes in the operon. Moreover, it is of interest to clarify the culture conditions under which the operon containing nagB is expressed, since the operon also contains a putative gene for -glucosi- Monosaccharide and modified disaccharide pathways are shown schematically; they are described in ''Discussion.'' Solid circles denote GlcNAc moiety. Open circles indicate paths specific to (GlcNAc) 2 , porin in the outer membrane and ABC-type transporter in the inner membrane. GlcNAc is also transported from periplasm into cytoplasm via the phosphotransferase system (PTS). Putative enzymes encoded by genes in the operon described in this study are boxed. The two enzymes previously reported are underlined. GlcNAc-6P, N-acetyl-Dglucosamine-6-phosphate; GlcN-6P, D-glucosamine-6-phosphate; Fru-6P, D-fructose-6-phosphate.
dase that appears to be unrelated to chitin catabolism. Assay of transcripts for nagB and other genes located in the operon is now underway using medium containing various carbon sources. These examinations should clarify the chitin catabolism system in A. hydrophila and its difference from those reported in Vibrionaceae.
